High-resolution x-ray telescopes
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ABSTRACT

High-energy astrophysics is a relatively young scientific field, made possible by-lspanee telescopes. Durirthe
half-century history of xay astronomythe sensitivity offocusing xray telescopés throughfiner angular resolution

and increased effective afedasimproved by a factor of a 100 million. This technological advance has enabled
numerous exciting disweries and increasingly detailed study of the f@gkrgy universg including accreting (stellar
mass and supenassive) black holes, accreting and isolated neutron stars, -pushnebulae, shocked plasma in
supernova remnantand hot thermal plasma iclusters of galaxies. As the largest structures in the universe, galaxy
clusters constitute a unique laboratory for measuring the gravitational effects of dark matter and of dark energy. Here,
we review the history ofigh-resolutionx-ray telescogs and highlight some of the scientific results enabled by these
telescopes. Next, we describe the planned -gereration xay-astronomy facilitp the International Xray
Observatory(1XO). We conclude with an overview of a concept for the next-gerieration dcilityd Generation X.

The scientific objectives of such a mission will requieey large areas (about 10006)rof highly-nested lightweight
grazingincidence mirrors with exceptional (about @rcseond) angular resolution. Achieving this angular resiolu

with lightweight mirrors will likely require ovorbit adjustment of alignment and figure
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1. INTRODUCTION

Owing to the opacity -roafy tahset reoanrotntyd si sa gneetmsepshsagrdeiettgrs a A s p
aboard sulorbital rockets detectednay emission from the sun in 1948nd discovered the first (extemlar) cosmic x

ray source in 1962In the intervening yearsechnological improvemeriismost importantly, the development of high
resolution(focusing)x-ray telescopés has improved the sensitivity for detecting cosmi@y sources by a factbof

ten billion (13%. The crowning achievement inray telescopes is th@handra Xray Observatry’, which provides
subarcsecond imaging and higlsolution dispersive spectroscopy.

Two factor® angular resolution and collecting adeare paramount in the imaging performance of a telescope. While
some current and planneeray telescopes offer moellecting area tha€handrg none rivals its angular resolution.
Indeed, owing to mass and envelope constraints attendapadet®orne telescopes, improvirangular resolution and
increasing collectingareaare often conflicting goals: Reducing mass egaily decreasestiffness, whichincreases
susceptibility to distortion andhus to image degradationBoth traditional and statef-the-art approaches have
difficulty in overcoming this obstacle tealizingvery-large-area high-resolution xray telescpes.
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A novel approach to addressing this problem is to develop adaptiag aptics for spacborne telescopes. The
objective is to make hspace corrections digure and alignment errors to optimize the angularluti®em of the xray
telescope. The @ectation is that initial and occasio@ahot realtimed adjustments would be requireDue to the
geometry of highlynested grazingncidence opticsactuation of the mirrors requires an approach differing from that
used for normaincidence telescopes. Thdar, two groups are conducting research into adjustabdg xelescopes:
The (UK) Smart Xray Optics consortiuftf’ and the(US) GeneratiorX Concept teafi?'**'2 These Proceedings
reportcurrent research into adjustableay telescopes and related technologigsich isbeing conducted bthe Smart
X-ray Opticsconsortium®**, by the GeneratioX teant>'%1"!819 andby the INAR-Brera xray optics grouf*.

The intent ofthe presenpaperis t o fiset the stageo for these more detail
and the motivation for this research. Secti@provides background information onray astronomy and telescopes;

Section3 offers a brief tour of the-xay universe at high angular resolution; and Sectidescribes past, current, and

future high-resolution xray observatories.o concludeSection5 sketches some of the challenges in developing a very
largearea, higkresolution xray telescopéor a next nexgeneratiorx-ray observatory

2. BACKGROUND INFORMATION

This section provides background information eray astronomy ahx-ray telescopes. Secti¢hl summarizes of the

early history of xray astronomyNext, Section2.2 briefly describes grazinmcidence reflectiorand how it affects

telescope design, while Secti@r8 discusses the Woltdrlike geanetry of grazingincidence xray telescopes. Section
2.4 defines the key metrics that characterizeith@gingperformance of a focusingnay telescope.

2.1.Early history of x-ray astronomy

In 1949, Friedman et at.used photon counters aboard & Voclet to detect x radiatiofrom the solar coronaThis

confirmed lessdirect measumaentsby colleagues at thgS Naval Research Laboratory, in-3/rocket flightsduring

1948 1949 In 1962, using 3 largarea Geiger counters aboard an Aerobee rocket, Giaccorfi disabvered the first

(extrasolar) cosmic xay sourcethus initiating the field of xay astronomyThe early xray-astronomy satelliteto

follow generally employed proportional countershwinechanical collimators to locate cosmicay sourcesThese

missions included??** N A S A Bhsiru (1970 1973), theAstronomy Netherlands Satellite (AN$974 1976), the

UK6s Ari éd1980)(,19NAMSAds Small A 8,1 1078 180N andN\SAaS Aed sl -Ertdiig\g 3 ( S A
AstronomyObservatory 1 (HEAEL, 19771979).

In 1960, Giacconi and RodSihad designed a singleeflection grazingncidence conentrator andmentoned useof

two-reflection grazinginciderce optics for xray telescopes, using @ Wo |-It 082t3) configurationsimilar to that
suggesteddy Wolter” for x-ray microscopesThis led to a 1963unsolicitedproposal® to NASA for an orbiting xray

observatonyutilizing (Wolter-1) grazingincidence mirrorsBy 1965 Giacconi et af’ had obtained xray photographic
images of the sun, using 3 sméilvo-reflection) grazingincidence telescop&saboard an Aerobee rockddver the

following 10 years several sutorbital rocketd"*? the Orbiting Solar Observatory*40S04, 19671969) and the
space station Skylah®™ (19731974 carried smal(Wolter-1-like) x-ray telescopes for solar observations.

The | aunch o-EneryyMStiariomy Gbseryaiory 2 (HEAZ) 197819818 the Einstein Observatoryd
heralded a newra"*® in x-ray astronomy Einsteinwas the first astronomical observatory employing a focusirayx
telescopeWith a collecting area tworders of magnitude larger than solaray telescopesiinsteinenabled high
resolution ima@g of cosmic xray sources fom an orbitingobservatory, with a sensitivity 284 that allowed detection
of x radiation from many classes of astronomical objects. This elicitednteeest of the broader astronomical
community in xray data.The HEAG?2 leadership built upon this interest to initiate a gudsterver program, which
served as a model for geneteler astronomical facilities operated by NASA ESA, and by JAXA.

The Einstein Observatoryvas a scaledown version of the 1-Bh-diameter xray telescope originally propos&dy
Giacconi and Gurskin 1963. In 1999NASA launched a fulscale versiod the Chandra Xray Observator§ With its
unprecedented sedrcsecond xay imaging®, Chandraprovides exquisite--ray images (§) comparable in resolution
to those obtained in the visible and infrared baising largely to its exceptional angular resoluti@handrais 3
orders of magnitude more sensitive tHEinstén, 7 orders better than tifiest (1965) focusingc-ray telescop®, and 10
orders better than t{@962)instrument that detected the first extsmlar xray source.



2.2.Grazing-incidence reflection

Reflection of x rays relies upon the principle of reial external reflectich Thus, for a givex-ray photorenergyE ,
there is a criticagrazingangle JC(E) below which the reflectance is high:

. E, [1,(E) _(0.029keV) [1,(E 0.082keV) [r [,(E)
SmJC(E):?p 1z = E 2 1A rod E 2 20 1z ’ @)

where E, =>w, is the(free-electron) plasmon energy, proportional to the plasma frequencyf the mediumin

determining the xay reflectance, theelevant parameters of the medium are its specific densjtatomic massa,
atomic numberz , and atomic scattering factof; (E)+i f,(E). The aboveapproximationsets Z ° 0.40A, which is
typical of highZ optical coatings€.g., gold, platinum, iridium, and tungsjdraving specific densities of about 20.

The critical grazing anglis thenroughly inversely proportional tox-ray energy, with a value of aboBmr ad j & 30
near 10 keV for typical (high-Z, high-density)optical coatings. Consequently, science requiremspasifying thex-
ray energy rangsignificantlyinfluencetherange oftoneanglesa used indesigninga grazingincidence telescope.

Thus far, all higkresolution xray telescopesgél) have covered only the seftray band i.e., up to about 10 ke\At
lower angular resolution, ballodsorne harek-ray telescopé&** have demonstrated the cagipifor focused imaging
of cosmic sotces up to several tens of keV. In addition, two satellites currently in preparation will carry-regrd
telescope¥®. Although their angular resolutiorsve moderatéof order arcminute)they are much more sensitive
(82.4) than previougnonfocusing hardx-ray instrumentsin practice, there is an upper limit to theergy range of a
grazingincidence telescope, in that the ratio of aperture to mirror surface asads 1/E,,, . The use of graded

multilayersfor hardx-ray telescopdé*>*4” somewhat relaxes, but does not eliminate, this limitation.

2.3.Wolter-I-like geometry

For grazing incidence, true imagingquires an even number of reflections.glazingincidenceparaboloidfocuses an
orraxis point sourcehowever,any singlereflection grazingncidenceoptic produces severe aberrations for-afis or
extended sourcesthus, it is effectively acorcentrator rather than an imaging telescopigiure 1 illustrates the
operation of a focusing grazisigcidence telescopthatprovides true imaginghrough two reflections

Thus far, all higkresolution xray telescopes utilize a geometry similar to the displayed Wolterl typemetry’, with
two grazingincidence reflections from thiner surfaces of nearylindrical mirrors. For most astronomicatray
telescoped including theChandraHigh-Resolution Mirror Assembly (HRMA) primary and secondary mirrors are
paraboloid and hypertaid, respectively. This prescription and the similar WélSshwarzschild prescriptibfiresult

in aberratiorfree onaxis imaging, which optimizes narrefireld imaging. Other prescriptions (hyperboloid
hyperboloid, polynomial, etc.) optimize wideld imaging with a Wolteil-like geometry, but at the expense ofaxis
performance. A few extremdtraviolet (EUV) telescopes utilize the Wolter tydegeometry, for which the second
grazingincidence reflection is from theuter surface of a hyperboloid, feed highresolution spectrometers. However,
for largearea telescopes, the WoHelike geometry has decisive advantages:

1. Itis more compact for a given grazing anglseach reflection converges addflects x raysn the same direction.
2. Itaccommodtes a high degree of nesting, more effectively filling the available aperture area.
3. ltis less difficult to fabricate, align, and asd#e

Within geometric optics, grazirgicidence reflection provides achromatic focusing. Focusing bfradiive
optic® e.g., Laue/Bragg lens or Fresnel zone platisshighly chromatic and thus less suitable for concentrating or
imaging broaeband sources.

The real part of the atomic scattering facﬁq(E)- Z for largeE. Thus, in the har&-ray band (10100 keV, say),
Jfi/Z ° 1, away from atomic edges (where dispersion is anomalous). Over theragfband (0.110 keV, say),
J f1/Z increases from about 0.5 (for the higloptical coatings) td, again away from atomic edges.
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Figure 1: Cutaway schematic of th€handra Xray Observator§ x-ray telescope. Four nested,-&xal, confocal,

grazingi nci dence mirror pairs focus cosmic xXx rays ont-o the tel
resolution xray telescopes utilize this basic (Woltdike) geometry albeit with differing mirror prescriptions,

dimensions, and number of shells. [Credit: NASA/CXC/ D. Berry]

2.4. Performance metrics

Two key metrics characterize the optical performarfcanocray telescope. Thegmvern its imaging capability arts
sensitivity for deteting sources and accurately measuring their spectral flux. Seztibh discusses the angular
resolution; Sectio2.4.2 the collecting are&gection2.4.3elaborates on the factors that determine detection sensitivity.

2.4.1. Angular resolution

The point spread function (PSF) fully describes the image of a point source as a funttiepraitord snergy and
direction with respect to the optical axis. For a higholution xray telescope the PSF comprises a compact core
(determinedby alignment errors, surfackgure deviationsfrom the optical prescription, and aberrations inherent in the
prescription) and an extended halo or wings (caused by diffractive scattering by surfaceongbimess andby
particulates on the surface). TR&Fcore is then essentially geometric in origin and, thus, approximately independent
of photon energyachromaticft On the other hand, the PSF wings are diffractive in origin and, thus, dependent upon
photon energy (chromaticHence, minimizing the PSF wingypically is an issue of limiting mirror michwughness

(e.g., by supepolishing to about 0-Bm micro-roughness or bettegnd of controlling particulate contaminatidi™.

Thus, the processésr minimizing the PSF wings are largely decoupled fronséor optimizing the PSF core.

¢ The relevant unit for the angular resolution of precisionytelescopes is an arcsecoayl (Z = 4.848nadian.

Largearea xray telescopes nest multiple-atigned, ceaxial, grazingincidence (primary andecondary) mirror

pairs in order to utilize more efficiently the available apertur23j§ Owing to the sensitivity of reflectance to
grazing angle (82, §82.4.2, the energydependent response of each mirror shell depends uporéts axial slope

(cone angle)a . Consequently, although the PSF core of each mirror shell is nearly energy independent, the PSF
core of an ensemble of mirror shells can be energy depénédeah in the geometriaptics limit.

d



For (focusing) xray telescopes, the standard metric for specifying angular resolution is tpoivelf diameter (HPD),
whichisalsocalled he -éthed dy wi dthod (HEW). This is t hseurcea,mwigchl ar di
contains half the flux (at a given energy) focused by the teles€mpm the standpoint of detecting and measuring
sourceswith an xray telescopethe HPDproves more useful thaother imaging metriés e.g., full width at half

maximunt (FWHM) and rootmeanof squares (RMS) image bluHowever, the RMS is usefuh iformulating imaging

error budgets for the geometdpticsterms that govern the PSF cbre

Figure 2 illustrates an obvious advantagé finer angular resolutionin imaging an extended-pay source and
elucidatingits structure.The four panels show-ray images of the Crab Nebula3jSbtainedwith the four highest
resolution xray observatories &: XMM -Newton the Einstein Observatorythe Rontgen SatellifROSAT), and the
Chandra Xray Observatory

Figure 2: Comparison of xay images of the Crab Nebula obtained with kigbolution xray telescopes. From left to
right, half-powerdiameter (HPD) resolutions aapproximately 1%, 102, 52, and 0.&. The highest resolution image
clearly showsnuch more structure, including &mner ringd with semimajor and semminor axes of Z and 14.

The other advantage &éher angular resolution is in detecting and measuring the flux from faint unresolved sdéfurces.
the angular resolution is good, there is a low probability for a backgroundenventone not associated with theay
sourcé® to occur withinthe imageddn unr es ol v e d Thisfdgvesithebakgrounslavel in a detection
cell to very low levels, proportional to the HPD squarElis is the primary reason why focusingay telescopes are
so much more sensit than norfocusing telescopes, wihicuse,e.g., mechanical collimators or coded apertioes
determine source positionBuring quiescent periods, the Chandra C@Rse abackground ratewithin the 0.3arseé
area(approximately 1 CCD pixel e f i ned by t hefonhelleeestte\oppreggad HP D

¢ Although full width at half maximum (FWHM) is a standard measure of angular resolution for nowidgnce

optics, it is generally less informative than HPD for gradimgdence optics. In the grazifigcidence geometry,
axialslope deviations alone form(a/J) cusp in the PSF, which oof-roundness errors (in cone angle and radius)

and misalignments broaden. Consequently, an azimutha
FWHM; however, that FWHM would contain very little powethe axiatslope deviations were large.

Using the rooimeanof squares (RMS) blur (radius or diameter) can disproportionately weight a small fraction of
the power that falls very far from the image émue to diffractivescattering wings or to a vergrige figure error

over a small fraction of the mirror. From the standpoint of detecting or measuring a cemipisource, one cares

more about the radiation in or near the image core than about the radiation far outside the core. However,
minimizing thePSF wings is still important: X rays scattered from bright sources limit the sensitivity for detecting
faint sources in their vicinity.

9 Because statistical variances of independent processes rigorously add, combining RMS error terms into a total RMS
image blur simply requires a root sum of squares (RSS) of the individual error terms. Notertigaussian
distributederrors, HPD = 0.675 RMSD = 1.35 RMSR and FWHM = 1.177 RMSD = 2.355 RMSR, where RMSR =

S is the standard deviation of the distribution.



2.4.2. Collecting area

The standard metric for specifying the collecting avean xray telescopés the oraxis, energydependenteffective
areaAy (E). For a nested system of mirror shells, the total effective area is justithef the effective areas of the

individual mirror shellsm:
At (E)=& Aut.m(E) @8 Ay R*(E.am) - )

Here Ay, is the geometric (energyndependent ) area of t IR(IE,aml)nis the @ergys hel | 6 s
dependent) reflectance at a grazing aegjeal to the axial slope (cone angke) of the primary mirrof.

An unfortunate but necessary feature of grazimidencereflection(82.2) is that the mirror surface are&,,; is very
much larger than the aperture ared,,; @2A,,/sina, where the factor of two occurs because there are 2 mirror

surfacegper shell. Consequentlthe area ratio(ASU,f/Aap) is roughly of order 100 for seft-ray telescopes and even
larger for harek-ray telescopes.

2.4.3. Detection sensitivity

While finer angular resolution improgesensitivity by reducingletectornoise(82.4.1) due to(honimaged) xray and
chargedparticlebackground, largecollectingarea(§2.4.2 improves sensitivity by increasing detector signal due to the
imaged xray sourceObservations for which the (némaged) background dominates the noisecatkedfi b ac k gr ound
l'imitedo. Al t h o u g Hocusitgscmy telesdopes ares gensriatipakgronnelimited, only very long
observations are backgroutithited for highresolution xray telescopes. For typical observations with such telescopes,
counting (Poisson) statistics dominate the noise and thewhseri ons ar e -ltienri.nrepddvind thdn ot o n
sensitivity of photodimited observations requires more collecting area (or longer exposures). For focusing telescopes
with very large collecting areas but inadequate angular resolut@ged X rays frm adjacent cosmic sources spill
over into the detection cell and dominate themhimedeée wi
that photons of one source are confused with those of andtheroving the sensitivity of confusieihmited
observations requires finer angular resolution.

The ideal nexgeneration xay observatory &.2) would have an angular resolution as good as or bettethhanf the
Chandra Xray Observatory with a collecting area at least twodersof-magnitude larger. There are substantial
challenge8 technologicaland programmati to realizing such an observato85]. However, addressing some of the
key scientific questions in astronomy and cosmology requires it.

3. COSMIC X-RAY SOURCES

With the dramatic improvement in sensitivaffordedby high-resolution xray telescopest became evident that nearly
every category of celestial objemnits x raysDetected xray sources include solaystemobjects (planets, comets, and
solar corona), stellar coronae, accretion deskd jets associated witompact starssfellarmassblack holes, neutron
stars, and white dwarfgnd with supemassive black holes in galactic nuclisblated neutron starexploding stars
and their remnantsand hot gas in galaxy clusteiRelevant spectrdine mechanisms include charge exchaimge
patially ionized plasmasfluorescencer radiatively excited atomic transitigrendthermallyexcited atomic transitions
from hot plasmas; relevant continuum mechanisms include thermal bremsstréfineedigee emission)from hot
ionized plasmas, blackbgdmission from very hot stellar surfaces, synchrotron emission retativistic electrons in
magnetic fields, and Compton scattering from relativistic electrons immersed in aglpargyradiation environment.

The rightmost expression assumes an optimized telescope design, for which the cone angle (axiasslofpe)
each secondary mirror is 3 times the cone aagleof its corresponding primary mirror. With such a design, which

is invariably chosen, the mean grazing angle for aaxas incident ray is the same for each of the two reflections
and nearly equal to the mean axial slope (cone angle) of the primarydmifecor Jp =a * ap =ag/3.



This sectiongivesa cursory srvey of thex-ray universe, featuring-ray imagesobtained with theChandra Xray
ObservatoryIn providing a sampling of cosmicnay sourcesit illustrates the importance of high angular resolution.

Figure 3 is a mosaic of 30-xay-color images of the central region of our Galaxy. At the 26|@p@-year (26-kly)

distance to the Galactic Center, the mosaic spans a region approximately 900 ly by 400 ly. The Galactis Center i
obviously a very crowded field, which requir€sandr&& s ar csecond resolution to eluci
numerouq & 1 Offinddiscretesources in the presence of several bright sources and diffiaskation fromvery hot
(tensof-million-degreeplasma ejectednd shock heatduly stellar explosions and windBhe bright source (Sagittarius

A) near the center of the mosascassociated with a suparassive & 33 10° solar-mas$ black hole at the nucleus of the

Galaxy. Thebrght extended source at the far |l eft is a superncd
Xray sourceso, powe roadompaytstar rornra dibacpmpanian horngabsi@r. o n t

Figure3: A mosaic imae spanning 28 0.8°in 30 pointingsof the Milky Way) Galactic @nterregionin x-ray clorsd
1i 3 keV (red), 35 keV (green)5i 8 keV (blue)[Credit: NASA/UMas$Q. D. Wang et af’]

Figure 4 displays images of two different types of supernova remnants (SNR), the aftermath of adingxptar
(supernova).Cassiopeia A (left imagein x-ray colorg i's -ay@PedelSINR powerddibythe origisal
explosionthat occurred approximately 300 years.agoT h e s u p ewave®jeciadnieradislwahsthte circumstellar

and interstellar media, producing forward and reverse shocks that heat the(géBates-of-degree) xay emtting
temperature The thin, outer xay shell results from synchrotron emission from electrons in the interstellar medium
that are shock accelerated to relativistic energigandrdd s ar c s ec ond réveas the intgcatsiracture on | y
of theshoks and filamentsbut also discoveretthe relic neutron stalying near the center of the SNR

The Crab Nebula (right i matgyepmedoni) SNR myniohdsi poweredcby theocerdrdl i s a
pulsar (rapidly rotating, highly magnetieeutron star). In the resulting pulsaind nebula, relativistic electrons ermit
raysprofusely via the synchrotron mechanistnremnant of a supernova explosion observed in 1054, the Crab Nebula

is nearly 1000 years old. Over this time, the highestggnelectrons radiate away their energy, which exglaihy the

X ray nebula is significantly smaller than the nebular size observed in lower energy radiation. As already discussed
(82.4.1andFigure2), Chandréd s -agcseoond resolutiomanifests the complex structure of the pulsard nebula.

These and many more arcsecaadolution xray images are available from the ChandreaX Center and may be
accessed dtttp://chandra.harvard.edu/

I A light year (ly), is of course thdistance traveled by light in 1 yéa®.46 10"> m. A comparable distance unit
commonly used by astronomers is the (paradiezond) parsec (pc), where 1 pc = 3.26 ly = B10¥ m is the
distance at which 1 astronomical unit (AU) subtends an anglé ofi848mr ad) . The di ameter of
around the sun defines the astronomical unit: 1 AU =31L68 m. The following guideline givesnandication of
relevant astronomical scales: The separation between stars (in the solar neighborhood) is oeigihly diameter
of a galaxy, tens of kpc; the separation of galaxies, Mpc; and cosmologically significant distances, Gpc.
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Figure4: Supernova remnan{SNRs) The left image shows the shéfpe SNR Cassiopeia ACas A)in x-ray colors
0.5/ 1.5 keV (red); 1.62.5keV (green)#i 6 keV (blue)[Credit NASA/CXC/MIT/UMass/M. D. Stage et al?] The iight

i mage displ ays j3INBCrdbiNebuleid cofhppgpte ooléri-@yn(blue)visible (green), infrared (red).
[Credit: (x-ray) NASA/CXC/ASU/ J. Hester et al; (visibleNASA/ESA/ASU/ J. Hester & A.Loll; (infrared) NASA/JPL-
Caltech/UMini R. Gehr3

5 arcmin

Figure5: Galaxies.The left image shows the i P i n wspimlegalaxy) Messier 101 (M101) in composite caloxsray
(blue), visible (yellow), infrared (red). Credit: (x-ray) NASA/CXC/JHU/ K. Kuntz et al.; (visible)
NASA/ESA/STScl/JHU/K. Kuntz et al; (infraredNASA/JPL-Caltech/STScIK. Gordor] The right imag displays the
active galaxy Centaurus A (Cen A) iaray color® 0.511.0 keV (red); 1.01.5 keV (green)1.52.0keV (blue).[Credit
NASA/CXC/CfA/ R. Kratft et al]

Figure 5 exhibits images of the norrhapiral Pinwheel Glaxy, Messier 101 M101; left image, in composite colors)
and of the active galaxy Centaurugght image, in xray colors).At a distance ofbout 22 Mly, M101 is similar to
our Milky Way Galaxy Figure3), with its xray image exhibiting bright discrete sourcesdy binaries and SNRs) and



diffuse emisson from hot gas ghockheated by stellar explosions and winds) Chandr ads superb ang
enables the study of such crowded fields, which coaeseiution telescopes would find quite confuse2l48).

Centaurus A(right image, in xray colors)is a nearby (1-Mly distant) active galaxy, powered by accretion onto a
supermassive( & %sblarmass)black hole in its nucleus2rominent in the xay image, s the 13kly-long primary jet

and a shorter counter jet, which originate from the vicinity of the soyaessive black holeThe image also shows

hundreds of discrete sources (mostlyay binaries) and diffuse seftr ay e mi ssi on, asospirale pr ese
galaxiesd such as the Milky WayHigure 3) and Pinwheel Kigure 5, left image) galaxigs with continuing star

formation. The Cef dust lane, which is so prominent in visible light images, absorbs thehengy x raysas well

Elucidating such complex strure requireChandrdd s f i ne angul ar resoluti on.

Figure6 shows images of two clusters of galadigbe largest gravitationally bound structures in the univéviest o

the baryonic (normal) mass in clusters of galaxies is in hot, diffusg-&mitting gas, trapped in the gravitational
potential of the cluster. Various lines of argument (based upon baty and norx-ray data) establish that most of the
mass in clugrs andn the universeas a whole s  fddi.@.yn&ndaryonic.The convincing body of evidenéefrom
microwave, visible, and-kay observationsver the past 2@ear® for the existence and measurement of dark matter
and dark energy, constitutes perhaps ¢ieatest discovery in astronomy and cosmology since theteaigieth

century formulation of General Relativity and observations showing that the universe is expanding. Indeed, the
discovery of dark matter and dark energy may be even more importédf inrequires radically new physics.

. g 54 3 60 arcsec
Figure6: Clusters of galaxieSheleft image displays theolliding( i Bu | | e t1B 065766lincentpasitecolorsd x-
ray (pink); visible (orange/whitg lensing (blue). [Credit: (x-ray) NASA/CXC/CfA/ M. Markevitch et al.; (visible)
NASA/STScl/Magellan/UAriz D. Clowe et al.;(lensing) NASA/STScl/ESO/Magellan/UArizD. Clowe et all Theright
image shows th@erseus Clustdn composite colo x-ray (blue), visible (yelloviwhite), radio (red). [Credit: (x-ray)
NASA/CXC/IoA/ A. Fabian et al.; (visible) NASA/ESA/STScl/IoA/ A. Fabian; (radio) NRAO/VLA/ G. Talylor

The Bullet Cluster Iéft image, in composite colors) is actually two clusters of galawigish have collided The
distribution of the thermal xay emission shows that gas in one cluster has interacted with that in the other: Hence, the
two original gas clouds are combining to form a single cloud of hot plasma. On the other hand, the map of the matter
distributiord as deducedrom weak gravitational Iensi%@ shows two distinct mass concentrations after the collision:
Consequently, most of the matter in the two original clusters did not interact during the cadllis®is one of several

lines of evidence for the existencedameasurement of darkatter

¥ In weak gravitational lensing, the mass of the cluster bends the light from background sources as the light ray passes

near thecluster. This bending produces achromatic aberration (distortion) of the images of background sources,
tending to elongate them in the direction tangential to direction of the mass concentration. Analysis of the shapes of
these images then determinesdistribution of matter transverse to the line of sight.



The Perseus Clusteright image, in composite colors) is a rich cluster of galsxat a distance of about 250y. The
central dominant galaxy in the cluster is the active galaxy NGC 1275, whosensapgve black hole prodes the
strong, doublelobe radio source Perseus Ahe compositeolor image clearly shows that the radio synchrotron
emission (from relativistic electrons) and theay thermal emission (frorhot plasma) originate in distinctly different
regions. Indeed, the pressure within the radio lobes has pushed the thereedifxtting) gasout of its way as it
expanded into the cluster ggwoducing holes in this cloud of thermal plasma

Figure 7: Surveys and cosmologyhe left image shows thBodéteswide-field panorama, covering.3-squaredegree in
126 pointingsjn x-ray color®d 0.5/1.3 keV (red); 1.B2.5 keV (green)2.5'7 keV (blue). [CreditNASA/CXC/CfA/ R.
Hickox et al] The right image displays th{8.11-squaredegree)Chandra Deep Field South irray color®d 6 0.3/ 1.0 keV
(red); 1.0 2.0keV (green)2.0i 7 keV (blue)[Credit NASA/JHU/AUI/ R. Giacconi et a).

Figure7 displays the xay fields of two surveys conducted with tiandra Xray Observatory TheBodtes field (left
image, in xray colors) is a widdield (9.3-squaredegree), mediurdeepsurvey The image combines 1ZBhandra5-

ks exposures to cover so wide a fiellost of the detected-pay sources in the field are active galactic nuclei (AGN),
about half of which are obscuréd probably by a torus around the central supesssive black hole.

The Chandra Deep Field South (right image, dirax colors) is a narrovield (0.07-squaredegreg, very-deep survey.

This image combines observations of the field forMsltotal exposuré, which hassubsequentlpeen supplemented

to a total 2Ms exposur®. As with the lessleep xray surveys, most of the detected sources(anebscured or
obscured) AGN, but caverage more distant (higher redshift). The very deep survey also detects clusters of galaxies
and relatively local leskiminous sources galaxiesand groups of galaxies. Achieving such extremely sensitigep
surveysrequiresChandr& s ar csecond resolution.

4. HIGH -RESOLUTION X -RAY OBSERVATORIES

The advent of highesolution xray observatories revolutionizedray astronomy(82.1). With the dramatically
improved sensitivity afforded by focusingray telescopes,-say astronomy expanded to include the study of nearly
every category ofealestial object. This, combined with the paradigm shift from prindipadstigator experiments to
generalobserver facilities (pioneered by tBénstein Observato)y brought xray astronomy to the broader astronomy
and astrophysics community.



This sectbn briefly describes-xay astronomy missions using higlsolution xray telescopeslo facilitate the focus
on fine angular resolution, this discussion considers oimbyxelescopes with haffower diameter (HPD,&4.]) less

than 1%. Section4.1 summarizes the-ray-telescope properties of past and current missiondjoBet.2, of future
missions.

4.1. Pastand current missions

Table1 summarizeghe properties of past and current higisolution xray telescopesrhe columns of the table give

(1) the name of the mission and its mirror assembly, (2
diameter of the largest mirror dh€5) the number of shells comprising the mirror assembly, (6) the mirror ma{@ial,
theeffective areaat1 keV,and)(8 t he t el escopeds angul ar r eppwelfdiamdteo.n i n t ¢

For completeness, the table includasthe shaded rowsinformation onorbiting highresolution xray telescopes for
solarphysics researchYphkohSXT***"*® and Hinode XRT>**% and for spaceveather monitoring (GOES SXf>%3).
However, such solar-say telescopes are much smalad less complethanthose needed for-pay astronomy. Indeed
for solar xray telescopes a single, Wolteilike, monolithic, thickwalled mirror shell sufficesConsequently, the
remainder of thisectionaddresses only thenuichlarger) telescopes forpay astronomy.

Tablel: Past andurrenthigh-resolution xray telescopewith half-power diameter HPD < ¥5

Tl\éllizzl:%npe Dates Foca[uiangth Ma>E rr(?]iam. SE;]IIS Material '?I%k%\/ I-EE]D
High Resolution Mirtor Assernbl| 10@ | 34 | 056 | 4 | quatz | 0@ | 10
Ry Tectene RD | 100| 24 083 | 4 [zerod|ooa| s
Higi‘sggg?uﬁgiyﬁngrxgé‘;%bl 1999 | 10.0 120 | 4 |Zerod| 008 | 06
Grelescopey 1999 | 78| o070 | 5y [SCRET Sl | 1
. I?Q;‘}rélsezlggsg 5XT) pyvell IR 0.23 1 |zer od|ooo0l 5
Solar X-rglolrliiger (SX1) ALY UL 0.16 1 |Zer od|0.00@ 4
x-RFgﬁgE(;ﬂSZB()xm) 00 2.7 0.34 1 [Zer od|0o0o@| 2

I n many respects, t he BEmsteinrObservatos/s Embimaey 6 6 o RONCAE HD and NA
X-ray Observatoryare quite similar: They each employedt@axial Wolter-1 pairs$ (paraboloid and hyperboloid) of

thickwal l ed (& cm) mirrors, made of simil ar ).@kandeawdsthé s ( f us
last and largest-ray telescope using mechanically figured and sypodished, thickwa | | e d fiigd-ircidesce gr a z
mirrors. As such, it profited from previous experiengarticularly with theEinstein Observatoryand from a

substantial development program for mirror technolo@iie result was spectacudaprecision figured and super

polished mirrors thatre precision aligned to achieve satesecond angular resolution.

The originalChandratelescope design utilized 6 mirror pairs, which quantity was reduced to 4 shells in 1992. The

main reason for deleting 2 shells was to reduce mass as part of a radical resesiightweighting of the

spacecratft, in order to descope the mission from a serviceablearéfaorbit to a noserviceable highly elliptical

orbit. Interestingly, the €handrami r r or shel |l s are stil]l numbeir6edd (| ar ge s



The desi gn oNewtdhBas domplexhdhkdry to that Ghandra In order to ensure fine angular resolution,
Chandrauses rather thick (& 2 c¢m) tifiggleaconsistentmithrmasscanstraintsion ¢ h |
the satellite. On the other hand, XMNewtonu s es r at her t hi n -fickel réplicated)mirrerd i@ ct r o f «
order to achieve a large collecting a¥ealbeit at the expense of angular resolution.

4.2. Future missions

The challenge in developing futureray observatories is to identify viable technologies for achieving both fine angular
resolution and verarge collecting area in the same telescdpigure 8 displays(to approximate scalg)ast,current,
and future missions.

EinseirDDbseriaty iy ENEAO-2)
19788-1984({(f 3.303 A7 A.640104 m?2) 107 0 2

- . Rontgem Satellitt (ROSAT)
- 19900-1999(f£ 2.4 .4 m,A=0.10m?) 57

ChandfaaX¥-rayy Obsenvatdny (AXAR)
1999-? (ff=1a.mm, A=0.11m?) 0.67

Genenation X

2085+ (ff & 60 m,, A\ < 50 m?2) 0.1Z2

Figure 8: High-resolution xray observatorie® past, present, and futdlteBeside the image of each observatory are its
dates of operation and tfzcal length f , aperture area?, and haHpower diameteHPD of its xray telescope.

The International Xray Observatory(IXO)d now under joih study by NASA, ESA, and JAX& is to be the next
generatiorfacility-class xray observatorywith a collecting area about an order of magnitude larger than that of-XMM
Newtonand an angular resolution 3 times fin&enerationX (GenX)d an advanceaoncept studied for NAS&
might be the next nexgeneration facilityclass xray observatory, with an angular resolution finer than that of the
Chandra Xray Observatory and a collecting area a-famdred times larger.

For any verylargearea telescogesuch as IXO or GetXd the required collecting aréaso large that it is impractical

to construct a single mirror assembly comprised ofdylinder mirror shells. One approach would be to build many
smaller telescopes using faylinder shells: Whilethis approach appears desirable from the standpoint of optics
fabrication, it would require a large number of feplne detectors. The other approaadopted for current 1XO
designs and GeK concept8 is to utilize segmented mirrors to synthesize cylindniogitor shells.

™ TheAstro2010r eport @A Decadal Survey of Astronomy and Astroph
conclusion of this SPIE Conference, recommends delaying the start of IXO mission development until the next
decade. Implementation of thiscommendation will likely delay the IXO launch until nearly 283(e., about 30
years after the launches of tbandra Xray Observatonand of XMM-Newton



IXO team members are developing two fundamentally different segmaeniteat technologied slumpedglass optics
(Figure9) and siliconpore optics Figure10). For slumpeeglass opticsGoddard Space Flight Cent@SFC) leads the
NASA-sponsoredechnologydevelopmerff; INAF-Brera andMax-PlankInstitut fur extraterestrische Physik (MPE)
perform the ESAunded technology developmerff. For siliconpore optics, theEuropean Space Research and
Technology CentréESTEC) leads an industrial consortium in the ESpnsored technology developnféfit

Figure 9 summarizeghe steps required to fabricate amay mirror assembly usinthe NASA approach foslumped
glass optics. Mirror production begins with the thermal slumping of a gleest over a precisigigured mandrel.
Following removal of the slumped glass from the mandrel, the succesBive-productionsteps argrimming of the
slumped sheet, depositing an optical coating onto the substrate, and charactering the figunérafrthssembly of a
mirror module starts with use of a transfer mount to align the mioobondinginto the mirror module that holds
nested, caligned primary and secondary mirraie form an azimuthal section of a nested, falflinder mirror
asserbly. Finally, the mirror modules are aligned to a common focus and secured into the mirror assdmablyis
then integrated into the observatory

Slumping ! (
0.4-mm glass J )
| .
Cutting

Coating

Measuring

Figure9: Slumpedglass opticsThetop panel illustrates mirrefabrication pocessed thermally slumping glass, trimming
edges coating, and mirror metrology. Thmttom panel follows the integration of mirrors into a mirror module, mirror
assembly, and then observatory, with an allocated accumulation of imaging blur for asetabtdry HPD of 15 or 5.
[Credit: NASA/GSFC/ W. Zhang]

The table at the bottom dfigure 9 estimatesthe imaging error buildip through the steps of mirror fabrication,
alignment, assemblyand ororbit operation The upper line gives cumulative allocations for achietiegorignal 1XO
resolution requirement df5z HPD; the lower line, for achieving the current requirementzofieD.






